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a b s t r a c t
The esteriﬁcation of free fatty acids (FFA) can be used to produce biodiesel from high FFA oils. In this
work, a new eco-friendly catalyst for the esteriﬁcation of oleic acid with methanol has been prepared
from a waste material, Amazon ﬂint kaolin, that was thermally treated (at 850 and 950 ◦C) and activated
with sulfuric acid solutions (1M and 4M). The activatedmetakaolin sampleswere characterized by X-ray
diffraction, scanning electron microscopy, N2 adsorption–desorption and adsorption studies of pyridine
◦eywords:
cid activation
etakaolin
icroporous
steriﬁcation
using TG/DTG and FTIR analysis. The leached metakaolin treated at 950 C and activated with 4M sulfuric
acid solution showed the highest surface area (406m2/g), the highest number of acid sites (237.7mol/g)
and offered the maximum esteriﬁcation activity (98.9%) at 160 ◦C, an acid:methanol molar ratio of 1:60
and 4h reaction time. The inﬂuences of reaction parameters such as the molar ratio of the reactants,
alcohol chain length, temperature and time have also been investigated. Based on the catalytic results,
Amazon ﬂint kaolin is found to be a promising raw material for the production of new solid acid catalysts
As.leic acid for the esteriﬁcation of FF
. Introduction
Clays are very versatilematerials that can be used as adsorbents,
on exchangers, decolorizing agents, catalyst supports and catalysts
1]. Clay-catalysts are interestingmaterials, notonly for the lowcost
f the raw material [2], but also for their lack of harmful effects on
he environment [3].
The study of modiﬁed clays has attracted interest due to the
tructure and dimension of their pores, which appear to be suit-
ble for the conversion of large molecules [4]. Acid-activation is
ne of the modiﬁcations that can be made to clays [5–7]. It causes
he disaggregation of clay particles, elimination of impurities and
issolution of external layers, altering the chemical composition
nd structure of clays [8]. The main consequences of acid activa-
ion are an increase of surface area, porosity and number of acid
ites compared to the parent clays [4].
Acid-activated clays are considered as efﬁcient solid catalysts,
ot only due to their strong acid sites, but also due to their
art-amorphous nature that provides a wide range of pore sizes
9]. For these reasons, microporous or mesoporous acid-activated
etakaolins have been reported as efﬁcient catalysts for isomeriza-
∗ Corresponding author. Tel.: +55 91 32018032; fax: +55 9132018032.
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tion, Friedel–Crafts alkylation and dehydration reactions [4,10,11].
It is also important to note that acid-treated clays remain one of the
most important classes of acid solid catalysts available in the indus-
try [1]. For example, acid-treated montmorillonites are offered by
various companies as catalysts for hydrocarbon cracking, as is the
well-known commercial montmorillonite clay K-10, the surface
acidity and catalytic activity of which can be enhanced consider-
ably by exchanging with transition metal ions [12]. However, the
catalytic activity of another major group of clay minerals, kaolinite,
has not been studied as thoroughly.
The Amazon region, speciﬁcally the Northeast of Pará state,
possesses the largest Brazilian reserves of high-whiteness kaolin
[13]. The kaolin is inserted in the context of the Ipixuna Forma-
tion, where is possible to distinguish two main units (Inferior and
Superior Units) [14]. The Inferior Unit is formed mainly of kaolin
and in whose base is found the soft kaolin that is used in paper
coating and on top of which there is the ﬂint or semi-ﬂint kaolin
(Fig. 1) [15]. Flint kaolin is not used by the kaolin industry, as it
is iron-rich, increasing the cost of extraction and separation from
the soft kaolin [13]. Regarded as a waste byproduct, ﬂint kaolin also
Open access under the Elsevier OA license.represents an environmental cost resulting from the production
of kaolin, making it necessary to ﬁnd ways to use this material
to minimize the impacts caused by this process on the environ-
ment.Considering these facts,Amazonﬂintkaolin canbeconsidered
an interesting, low-costmaterial that canbe testedas the rawmate-
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samples were supported on carbon tapes and metalized with goldig. 1. A photograph of a representative sample of Amazon ﬂint kaolin used in this
ork.
ial for a new solid acid catalyst.Among the branches of chemistry
hat require theuse of acid catalysts is theproductionof sustainable
lternative fuels, which has attracted both academic and indus-
rial interest. Biodiesel is one of these sustainable fuels and is a
on-petroleum-based fuel with many advantages, including low
missions, biodegradability and increased lubricity [16]. Biodiesel
onsists of alkyl esters derived fromeither the transesteriﬁcation of
riglycerides (TGs) in oils and fats or the esteriﬁcation of free fatty
cids (FFAs) with short-chain alcohols [16,17].One drawback of the
roduction of biodiesel by transesteriﬁcation is that the utilization
f high FFA acid feeds in traditional biodiesel production leads to
epletion of the catalysts and increased puriﬁcation costs because
he free fatty acid is saponiﬁed by the homogeneous alkaline cata-
yst, producing excess soap [18]. Esteriﬁcation of FFA to alkyl esters
n the presence of an acidic catalyst can improve the use of high
FA oils in biodiesel production [19]. Esteriﬁcation is normally car-
ied out in the homogeneous phase in the presence of acid catalysts
uch as H2SO4, HF, H3PO4, HCl and p-toluene sulfonic acid [19,20].
his pretreatment step has been successfully demonstrated using
ulfuric acid [21]. Unfortunately, use of the homogeneous sulfuric
cid catalyst adds neutralization and separation steps to the pro-
ess in addition to the esteriﬁcation reaction [22]. Moreover, these
atalysts have problems when used because they are hazardous
nd generate polluting, corrosive liquid acids [20]. Therefore, the
se of heterogeneous catalysts can be considered an alternative
hat can minimize environmental damage and reduce the cost of
iodiesel. Several studies relate to the production of catalysts as
ulfonated carbons [23,24],modiﬁedzirconias [25,26],mesoporous
ulfonic acid [27], heteropolyacid-based catalysts [28] and MCMs
19]. However, no articles have been published regarding the use
f catalysts for the esteriﬁcation reaction prepared using Amazon
int kaolin, a raw material considered waste.
This study reports the preparation and characterization of acid-
eached metakaolins from Amazon ﬂint kaolin and their utilization
s catalysts for the esteriﬁcation reaction of oleic acid with short-
hained alcohols.
. Experimental.1. Materials
Oleic acid (synthetic grade) was purchased from Aldrich,
ethanol and ethanol were purchased from Synth and 1-propanolB: Environmental 101 (2011) 495–503
was purchased from Vetec. All alcohols were of AR grade. The ﬂint
kaolin used was collected in a mine located in the area around Rio
Capim (Pará-Brazil). The ﬂint kaolin was triturated, and the sandy
fraction was separated for retention in a sieve. The fraction below
62-m particle size was then collected, diluted in distilled water
and centrifuged for separation of the silt fraction, thereby obtaining
the clay fraction.
2.2. Methods
2.2.1. Thermal treatment and acid activation of Amazon ﬂint
kaolin
The amounts of SiO2, Al2O3 and H2O present in ﬂint kaolin are
almost the same as the theoretical values obtained for kaolinite.
Flint kaolin is therefore constituted mainly by kaolinite. We also
observed a high Fe2O3 and TiO2 content, which could be related to
the presence of accessory minerals (such as hematite and anatase)
and/or the presence of Al isomorphically substituted in both cases
[13].
Kaolin is resistant to acid leaching due to its high octahedral alu-
minum content, and the transformation of kaolin into metakaolin
would increase the susceptibility of the former to the aluminum
and iron cations leaching from the octahedral layer [4]. The phase
transformations that occurwhenﬂintkaolin is calcinedathigh tem-
peratures are demonstrated by the chemical reactions illustrated
below [13].
2SiO2 · Al2O3 · 2H2O
Kaolinite
→
∼537 ◦C
2SiO2 · Al2O3
Metakaolinite
+ 2H2O(g)
2SiO2 · Al2O3
Metakaolinite
→
∼983 ◦C
Al2O3 · SiO2
Primary 1 : 1 mullite
(Al–Si spinel)
+ SiO2
(amorphous)
Samples of the clay fraction of ﬂint kaolin were calcined at 850
and950 ◦C, providingmetakaolin samples thatwere labeled asMF8
and MF9, respectively. Both the MF8 and the MF9 samples were
activated at 90 ◦C for 1h with 1M and 4M sulfuric acid solutions,
and then washed with distilled water, dried at 120 ◦C for 12h and
calcined at 400 ◦C for 2h. The four obtained metakaolin samples
were designated as MF8S1, MF8S4, MF9S1 and MF9S4.
2.2.2. Characterization
The chemical composition analysis was performed using a
Shimadzu Ray ny EDX-700 energy dispersive X-ray (EDX) spec-
trometer.
X-raydiffractionswereobtainedusing aPANalytical X′PERTPRO
MPD (PW 3040/60) diffractometer, using the powder method, at
5◦〈2〉70◦ intervals. CuK (40kV and 40mA) radiation was used.
The 2 scanning speed was 0.02◦/s.
N2 adsorption–desorption isotherms were obtained at liquid
nitrogen temperature using a Quantachrome Nova 1200 appara-
tus. Before each measurement, the samples were outgassed at
130 ◦C for 2h. The speciﬁc surface area, the microporous area,
the microporous volume and the pore-size distribution were
obtained, respectively, using Brunauer-Emmett–Teller (BET), t-plot
and Barrett–Joyner–Halenda (BJH) methods.
The powdermesh size of the prepared catalystswas determined
on FRITSCH equipment, model ANALYSETTE 22 MICROTEC PLUS.
The data were treated using Milling and Sizing Control Software.
The morphology of the samples was inspected using a ZEISS
microscope, model LEO 1430, operating at 10kV and 90mA. Theunder vacuum conditions.
Thermogravimetry (TG) and derivative thermogravimetry
(DTG) have been extensively used in catalyst characterization,
because they allow for quick evaluation of material changes in
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Table 1
Chemical compositions of the major components of kaolinite, ﬂint kaolin and the leached metakaolins.
Theoretical kaolinite Flint MF8S1 MF8S4 MF9S1 MF9S4
SiO2 46.54 43.24 54.32 63.65 53.51 61.84
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pAl2O3 39.50
TiO2 –
Fe2O3 –
Loss on ignition at 1000±25 ◦C (wt.%) 13.96
esponse to temperature variations [29,30]. The literature shows
hat pyridine is a suitable probe to measure the surface acidity
f porous materials and is able to provide quantitative analysis
f the acid sites by Temperature-Programmed Desorption (TPD)
29,31–33]. Furthermore, FTIR of adsorbed pyridine has become
outine in catalysis laboratories and can differentiate Brønsted,
ewis and hydrogen-bonded sites [29,34].
Based on this, the acidity studies at this work were performed
sing themethodology described byGhesti et al. [29] using TG/DTG
nd FTIR after pyridine adsorption, and proved to be a good tool for
haracterizationof the TPDproﬁles of heterogeneous catalysts [29].
Approximately 100mgof each samplewas dehydrated at 400 ◦C
nanN2 ﬂow(40 cm3/min) for 90min, cooled to120 ◦C, andgaseous
yridine (diluted in N2) was then passed through the samples for
0min. The temperature was kept at 120 ◦C under N2 ﬂow for
0min to remove the physically adsorbed pyridine. Subsequently,
he samples were analyzed by TG/DTG and FTIR.
Thermogravimetric analyses were performed in a N2 ﬂow
40cm3/min) over the temperature range of 25–900 ◦C, at a heat-
ng rate of 10 ◦C/min, using a SHIMADZU thermobalance (TG/DTA),
odel DTG-60H.
The number of acid sites was calculated as follows: (i) From the
otal weight (wtotal) of a sample with adsorbed pyridine (sample
y) analyzed by TG/DTG, we subtracted the weight lost between 25
nd 250 ◦C (w250, usually water and/or physically adsorbed pyri-
ine), thereby obtaining the anhydrous weight of the sample; (ii)
he amount of weight lost between 250 and 900 ◦C (wPy, chemi-
ally adsorbed pyridine) was normalized for 1 g, dividing the value
btained by the anhydrous weight; (iii) the same calculation was
ccomplished using the curve of TG/DTG for the sample without
dsorbed pyridine; (iv) the weight of adsorbed pyridine is equal
o the difference between the normalized values for the sample
ith and without adsorbed pyridine; (v) using the pyridine molar
eight (MWPy), we determined the number of moles of adsorbed
yridine. These procedures are mathematically represented using
he equation adapted from Macedo [31] below:
Py =
Sample with Py
{[wPy/(wtotal − w250)] −
Sample without Py
[w900/(wtotal − w250)]}
MWPy
here w900 =weight lost between 250 and 900 ◦C.
Infrared spectra were recorded in the 4000–500 cm−1 spectral
egion using a Thermo IR100 spectrometer.
.2.3. Catalytic tests
Before the experiments, the catalysts were activated at 200 ◦C
n an oven for 2h. The catalytic tests were performed using a PARR
843 reactor. In a typical experiment, oleic acid was mixed with
ethanol and 5% of the solid acid catalyst (related to acid weight).
he reaction mixture was kept under constant stirring (500 rpm)
t 130 ◦C for 2h. After the reaction was complete, the solid catalyst
as separated by ﬁltration. The percent of conversion of oleic acid
nto its ester was estimated by measuring the acid value of the
roduct by titration with sodium hydroxide. The conversion of FFA.98 34.20 23.63 32.20 16.90
.34 3.88 2.84 3.72 4.43
.51 0.60 1.53 0.57 0.45
.40 6.70 8.07 9.46 16.25
was calculated by the formula:
xffa(%) =
[
(ai − at)
ai
]
× 100
where ai is the initial acidity of the mixture and at is the acidity at
a “t” time.
The effects of alcohol chain length, the molar ratio of the reac-
tants, temperature and time on the esteriﬁcation of oleic acid were
investigated using the most active catalyst.
3. Results and discussion
3.1. Characterization
3.1.1. Chemical compositions and XRD
The chemical compositions of the ﬂint kaolin and leached
metakaolins were determined using EDX, and the values are com-
pared with those of theoretical kaolinite [13] in Table 1.
The XRD of ﬂint kaolin (Fig. 2A) showed the characteristic sig-
nals of kaolinite at 2 values of 12◦ and 24◦ [13]. The absence of
the three well-resolved signals in the range of 20◦〈2〉24◦ revealed
the low order degree of the ﬂint kaolin. All the leached metakaolins
exhibited similar X-ray diffractograms (Fig. 2B). When the samples
were calcined at 850 ◦C and 950 ◦C for 2h, water was lost and the
kaolinite peaks disappeared. The signals were replaced by a broad
bandbetween15◦〈2〉25◦,whichcanbeattributed toanamorphous
phase of SiO2 [4]. We also observed the presence of three intense
peaks at 2 values of 25◦, 37.8◦ and 48◦ thatwere related to anatase
(TiO2), frequently found as an accessorymineral in the kaolin of the
Capim region and in other kaolins [13]. We also observed the pres-
ence of components of the parent clay such as cristobalite (SiO2)
and other minerals, including quartz and hematite (Fe2O3). The
XRD analysis also revealed a complete breakdownof the crystalline
structure of the leachedmetakaolins compared to the parent kaolin
and a structural water loss that facilitated the transformation of
octahedral AlO6 into tetra- and penta-coordinated Al units. The
literature reports that these Al units are more reactive and more
susceptible thanhexa-coordinatedAl units to the acid leaching that
is responsible for the partial dissolution of Al3+ and, consequently,
for the observed increase of the amorphous phase [4,10,11].
3.1.2. Scanning electron microscopy (SEM)
SEM micrographs of ﬂint kaolin and one of the leached
metakaolins (Fig. 3) showed that both ﬂint kaolin and the leached
metakaolin had particles with sizes below 1m. Flint kaolin is
formed mainly by the stacking of ﬂaky particles with a pseudo-
hexagonal morphology. The SEM study also showed that the
leached metakaolin is formed by agglomerates of particles with
rough surfaces and porosity related to the spaces between these
agglomerates.3.1.3. N2 adsorption–desorption and powder mesh size
The type II (IUPAC classiﬁcation) N2 adsorption–desorption
isotherms (Fig. 4A) and the pore size distribution curves (Fig. 4B)
of the acid-activated metakaolins show that these materials have
microporous structures and surface area values that arehigher than
498 L.A.S. do Nascimento et al. / Applied Catalysis B: Environmental 101 (2011) 495–503
Fig. 2. X-ray diffractograms of: (A) ﬂint kaolin; (B) the leached metakaolins.
int ka
t
c
M
u
d
m
oFig. 3. SEM micrographs for ﬂ
hose of ﬂint kaolin (Table 2). This results from acid leaching and,
onsequently, the presence of amorphous silica in the sample, with
F9S4 presenting the largest surface area (406m2/g).
Considering that themicroporous area and themicroporous vol-
me of the leachedmetakaolins also increased (thiswas inﬂuenced
irectly by the preparation conditions), some of the acid-treated
etakaolins could be considered interesting from a catalytic point
f view, because in previous studies using other kaolins, materi-
Fig. 4. N2 adsorption–desorption isotherms (A) and poreolin (left) and MF9S4 (right).
als that were produced with similar behavior presented catalytic
activity [10,11].
The measured values of powder mesh size shown that the sam-
ples MF9S4 and MF8S4 present particles smaller than MF9S1 and
MF8S1. These results are coherent with surface area values of each
sample.
The speciﬁc surface areas, microporous areas, microporous vol-
umes and powder mesh sizes are presented in Table 2.
distribution (B) of the acid-activated metakaolins.
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Table 2
The speciﬁc surface areas, microporous areas, microporous volumes and powder mesh size of ﬂint kaolin and the leached metakaolins.
Sample S.A.a (m2/g) Ab (m2/g) Vc (cm3/g) P.M.S.d (particles up to 6.4m)
Flint kaolin 24 11.5 0.006 –
MF9S4 406 319 0.15 84.7%
MF9S1 76 54 0.046 58.7%
MF8S4 341 313 0.16 84.1%
MF8S1 27 22 0.011 58.6%
a Speciﬁc surface area calculated by BET.
b S=Microporous area calculated based on the t-plot.
c V=Microporous volume calculated based on the t-plot.
d Powder mesh size.
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and 1635 cm . There is also a band at approximately 1492 cm
that can be attributed to the pyridine molecules associated with
both Brönsted and Lewis acidic sites, and this proﬁle agrees with
that presented by other leached metakaolins [10], conﬁrming the
nature of the acidic sites of the acid-activated metakaolins.Fig. 5. Curves of MF9S4 with and with
.1.4. The acidity of activated metakaolins
The TG curves for all the leachedmetakaolins showedabehavior
imilar to thatdescribedbyBelver et al. [8], presenting twodifferent
rocesses: a fast loss at temperature between 25 and 100 ◦C, asso-
iatedwith adsorbedwater, and a second, continuous loss between
50 and 900 ◦C attributed to dehydroxylation from the Si(OSi)3OH
roups formed during the treatment or towatermolecules ﬁxed on
peciﬁc sites of the solids, probably coordinated to the remaining
l cations.
The largest weight loss was observed for MF9S4, as it had the
argest amount of amorphous silica in its composition, increasing
he number of adsorbed water molecules on the surface. The TG
urves indicated that the sampleswith adsorbedpyridine lostmore
eight than the samples without adsorbed pyridine; this is exem-
liﬁed using the curves for MF9S4 in Fig. 5. The TG/DTG curves of
ample with adsorbed pyridine present a loss between 150 and
50 ◦C which can be assigned to physically adsorbed water and
yridine, and a continuous loss above 250 ◦C attributed to loss of
hemically adsorbed pyridine.
From Table 3, we observe that the acidity of each material
esulted directly from the preparation conditions, as the samples
repared with sulfuric acid 4M had a higher density of acidic
ites. These results are in agreement with those obtained by Sabu
t al. [11], who reported that treating metakaolin with acid results
n the relocation of Al cations from the structure to the newly
reated pores. The cations act as Brönsted acid centers in the
able 3
valuation of the number of acid sites in the leached metakaolins.
Sample Number of acid sites (molPy/g)
MF9S4 237.7
MF9S1 72
MF8S4 147.4
MF8S1 35.5sorbed pyridine: (A) TG and (B) DTG.
presence of water and as Lewis acid centers under anhydrous con-
ditions.
Fig. 6 shows the relation between the density of acidic sites and
the surface area of the activated metakaolins, conﬁrming that the
concentration of acid contributes greatly to the ﬁnal properties of
the leached metakaolins.
The infrared spectra in the region from1700 to 1400 cm−1 of the
samples with adsorbed pyridine (Fig. 7) show typical bands that
can be assigned to Lewis site-bonded pyridine (at approximately
1446 and 1629 cm−1), and Brönsted site-bonded pyridine at 1535
−1 −1Fig. 6. The number of acid sites versus the surface area of the leached metakaolins.
500 L.A.S. do Nascimento et al. / Applied Catalysis B: Environmental 101 (2011) 495–503
F
p
3
e
o
e
s
d
w
a
i
p
t
r
r
c
t
a
eig. 7. IR spectra in the region 1700–1400 cm−1 of MF9S4 (a) without adsorbed
yridine and (b) with adsorbed.
.2. Catalytic tests
The catalytic activity of the acid-activated metakaolins for the
steriﬁcation of oleic acid was determined from the acidity index
f the ﬁnal product. Fig. 8 shows the effect of each catalyst on the
steriﬁcation reaction with methanol.
The analysis of the results obtained shows that the ﬁnal conver-
ion rate is related directly to the increase in surface area and to the
ecrease in the concentration of Al in the sample. This supplies a
iderdistributionofAl across the surfaceof the leachedmetakaolin
nd facilitates access of the reactants to the catalytic sites, resulting
n a larger conversion value. This explains the signiﬁcantly greater
erformance of MF9S4 as a catalyst, which also can be attributed
o its greater number of acidic sites.
In fact, MF8S4 presented the best catalytic activity after MF9S4,
evealing that their different performance is probably should be
◦elated to the fact that ﬂint kaolin calcined at 950 C is more sus-
eptible to acid leaching than that calcinedat 850 ◦C, i.e., thehighest
emperature produced more tetra- and penta-coordinated Al units
nd a greater amount of amorphous silica [8,35]. This also can
xplain the similar activity of MF9S1 and MF8S1.
Fig. 8. Conversion at 130 ◦C, oleic acid: methanol (1:60), time: 120min.Fig. 9. The effect of themolar ratio of the reactants on the conversion. Temperature:
130 ◦C, time: 120min.
3.2.1. The effect of the molar ratio of the reactants on the
conversion
Because of the result of the ﬁrst catalytic tests, we chose to test
MF9S4 as a catalyst in the esteriﬁcation of oleic acidwithmethanol,
using other reactant molar ratios. The reactions used acid:alcohol
molar ratiosof1:1, 1:3, 1:6, 1:30and1:60, and the results are shown
in Fig. 9.
We increased the amount of alcohol, as we observed that the
conversion rate increasedat anacid:alcohol ratioof 1:3. In reactions
without catalyst at acid:alcohol molar ratios greater than 1:6, we
observed a decrease in the conversion rate that can be attributed to
the formation of a greater amount ofwater,moving the equilibrium
in the direction of the inverse reaction. In reactions with MF9S4,
we observed different behaviors: additional alcohol in the reac-
tants greatly improved the conversion rate. This can be explained
by considering that the increasing number of alcohol molecules
around the catalyst could facilitate the removal of water molecules
from the surface of the catalyst, increasing their catalytic activity,
because the use of acid-treated clays is restricted to nonaqueous
systems [36].
3.2.2. The effect of alcohol chain length
The effect of alcohol chain length on the esteriﬁcation process
was studied, and the result is shown in Fig. 10. The effectiveness
Fig. 10. The effect of alcohol chain length on the conversion. Temperature: 130 ◦C,
time: 120min, oleic acid:alcohol (1:60).
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f the esteriﬁcation of oleic acid was: methanol (62.5%) > ethanol
27.3%) >1-propanol (19.4%). Carmo et al. [19] described similar
esults for the esteriﬁcation of palmitic acid using Al-MCM-41 as
catalyst. The effect of the size and type of the alcohol chain on
steriﬁcation was reported by Kirumakki et al. [37] for the zeolites:
-beta,HY, andHZSM-5.Althougheachalcoholhasadifferent reac-
ivity, it is important to note that the microporous nature of MF9S4
aybe important, because theefﬁciencyusingmethanolwasmuch
igher than those obtained with ethanol or 1-propanol. Zaidi et al.
38] presented two explanations for such behavior. The ﬁrst one is
elated to alcohol nucleophilicity, suggesting that the greater the
umber of carbon atoms, the lowest the alcohol nucleophilicity. As
result, the reaction rate decreases. According to the authors, the
teric effect may also explain this behavior, because as the alco-
ol length chain becomes larger, the approaching to the catalyst
ecomes more difﬁcult.
.2.3. The effect of temperature
The normal behavior for the catalyzed reactions is that the con-
ersion rate increases with temperature [39]. Using a 1:60 molar
atio, oleic acid was esteriﬁed with methanol at 100, 115, 130 and
60 ◦C, and the results (Fig. 11) are consistent with the expected
ehavior. In fact, it is possible that increased temperature was
rucial in increasing the conversion in the presence of MF9S4 con-
iderably, from 13.5% at 100 ◦C to 98.9% at 160 ◦C..2.4. The effect of the reaction time
The effect of the reaction time was studied using a 1:60
acid:alcohol) molar ratio at 100, 115, 130 and 160 ◦C. From the
esults shown in Fig. 12, it can be observed that the reaction rate
Fig. 12. The effect of time on conversion. Acid:alcohol (1:60), temFig. 11. The effect of temperature on conversion. Acid:alcohol (1:60), time: 120min.
increases up to 2h, after which time the conversion rate increases
to a lesser extent. The gradual increase in conversion rate when the
reaction time is increased is expected in reactions of esteriﬁcation
[39].Several papers describe ﬁrst-order kinetics for esteriﬁcation
reactions [19,37,39,40]. In this work, we determined the order of
the esteriﬁcation reaction of oleic acid with methanol using the
classical deﬁnitions of chemical kinetics and considering oleic acid
perature: (A) 100 ◦C, (B) 115 ◦C, (C) 130 ◦C and (D) 160 ◦C.
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Fig. 14. Arrhenius plot of ln(k) versus 1/T.
T
Tig. 13. . The esteriﬁcation of oleic acid with methanol (1:60, 130 ◦C). The data ﬁt
ell to ﬁrst-order kinetics.
s the limiting reagent, whose transformation into esters is fol-
owed by the acidity index. To determine the order of the reaction
y elementary kinetic theory, we proposed a complete conver-
ion of the acid.Based on Fig. 13, there is a ﬁrst-order dependence
etween the reaction rate and the concentration of carboxylic acid
or the esteriﬁcation of oleic acid, as the ﬁtting shows a linear rela-
ion between all experimental data when (−ln(1-conversion)) is
lotted as a function of the reaction time. The regression coefﬁ-
ients of the straight lines show good ﬁts to ﬁrst-order kinetics.
Using the esteriﬁcation conversion data obtained using MF9S4
Fig. 12), we plotted (−ln(1-conversion)) versus the reaction time
not shown) to calculate the rate constants. The obtained values
ere 0.000593 at 100 ◦C, 0.00237 at 115 ◦C, 0.00745 at 130 ◦C and
.01882 at 160 ◦C. From these values, we plotted the Arrhenius of
n(k) versus 1/T (Fig. 14) and calculated the activation energy and
he frequency factor from the Arrhenius equation to be 76.6 kJ/mol
nd 4.3×107 L/mol s, respectively.
Table 4 compares some esteriﬁcation results found in the litera-
urewith those obtained in thiswork. From the comparison,we can
ee that the results obtained usingMF9S4 as a catalyst for the ester-
ﬁcation of oleic acid with methanol are quite satisfactory, because
he results are similar to or higher than others presented in the
iterature [19,39–41], and they also close to the results obtained
sing homogeneous catalysts at lower temperatures [42,43]. We
ote that the production cost of the other methods is much higher
han the cost of using acid-activated metakaolin prepared from a
aste material..2.5. Low quality oil catalyst test
The reaction performance of the MF9S4 was evaluated for the
steriﬁcation of free fatty acids in a fatty acid/triglyceride mixture.
mixture of 17wt.% oleic acid in palm oil was used as the model
able 4
he esteriﬁcation reaction using different catalysts.
Acid Alcohol Alcohol/acid Temp. (◦C)
Acetic n-Butanol 1/2 125
Acetic n-Propanol 1/2 150
Acetic Amyl 1/2 250
Palmitic Methanol 60/1 130
Oleic Methanol 3 80
Palmitic Methanol 5 130
Oleic Methanol 60/1 130
Oleic Methanol 60/1 160
a Present work.Fig. 15. Relation of conversion of FFA and reaction temperature: reaction time.
high free fatty acid feed. In Fig. 15 it can observed a maximum con-
version of 18.2% at a temperature of 130 ◦C and in a time period
of 1h. The percentage of conversion can be raised by manipulating
such variables as time and temperature. For example, at a temper-
ature of 180 ◦C for a time period of 2h, the removal of FFA observed
is 84.8%. This value is greater than those presented by other types
of heterogeneous catalysts reported in the literature. For instance,
when organosulfonic acid-functionalized mesoporous silica [22]
was used in the esteriﬁcation of fatty acids, the reaction reached
approximately 80%of conversionof fatty acids tomethyl esters. The
same kind of reaction reached 60% of conversion when Al-MCM-41
Catalyst Conversion (%) Ref.
Al-MCM-41 (Si/Al = 25) 87.3 [41]
Al-MCM-41 (Si/Al = 30) 83.7 [39]
Al-MCM-41 (Si/Al = 100) 91.0 [40]
Al-MCM-41 (Si/Al = 8) 79.0 [19]
H2SO4 91 [42]
p-Toluene sulfonic acid 94.5 [43]
MF9S4 84.2 a
MF9S4 98.9 a
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[40] A. Palani, A. Pandurangan, J. Mol. Catal. A: Chem. 226 (2005) 129–134.L.A.S. do Nascimento et al. / Applied Cat
as applied. [19]. Compared to organosulfonic acid-functionalized
esoporous silicas and MCM-41, the activated metakaolin seems
o be amore attract catalyst for pretreatment process of lowquality
ils, due to its simple and low cost processes of preparation.
. Conclusions
We studied the catalytic applications of Amazon ﬂint kaolin for
he ﬁrst time. The different treatments towhich the ﬂint kaolinwas
ubmitted resulted in microporous materials with different textu-
al and physicochemical properties. Thermal activation at 950 ◦C
ade the ﬂint kaolinmore reactive and susceptible to acid leaching.
Some activated metakaolins presented a considerable increase
f the superﬁcial area, in addition to the high microporous volume
hat is related to the spaces observed by SEM and the amount of
morphous silica. The presence of both Brönsted and Lewis acidic
iteswere conﬁrmed in the acid-activatedmetakaolins by the acid-
ty evaluation, with MF9S4 presenting the higher values.
MF9S4 was the best catalyst for the esteriﬁcation of oleic acid
ith methanol, reaching 98.9% of conversion rate at 160 ◦C, an
cid:methanolmolar ratio of 1:60 and4h reaction time. Theperfor-
ance of MF9S4 is related directly to its having the largest surface
rea and to the density of its acid sites. MF9S4 also seems to be an
lternative for removal of free fatty acids from low quality oils.
The results obtained at this work indicate that a waste material,
mazon ﬂint kaolin, can be considered a promising rawmaterial for
he production of a new eco-friendly catalyst for the esteriﬁcation
f FFAs, providing an alternative route for production of sustainable
uels.
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